Abstract: The ionization of 1,1-dihydridocyclopentasilane 7 has been foundt oy ield the cyclic polysilanylsilyl cation 8 instead of the expected hydrogen-substituted silylium ion 6. The silyl cation 8 is stabilized by the formation of an intramolecular SiÀHÀSi bridge, which also provides the thermodynamic drivingf orce for its formation. In general,t he preferencef or the formation of SiÀHÀSi bridges can be used to scavenge and identify transient intermediates in the Lewis acid induced rearrangement of polysilanes.T he validity of this concept has been demonstrated for one centrals tep in this chemistry,t he ring-contraction reaction of cyclohexasilanes to form silylcyclopentasilanes.
Introduction
Severalw ell-characterizede xamples of silyliumi ons, tricoordinated silyl cationso ft he generalf ormula R 3 Si + ,a re known. [1] [2] [3] [4] [5] [6] [7] [8] Commonly,a ll of these cationsa re substituted with three bulky aryl groupst op revent bimolecular reactions with nucleophiles. [9] Even the replacement of only one of the aryl groups by as maller alkyl or even ah ydrogen substituent triggers ar ich consecutive chemistry. [1, 2] For example, in ap revious investigationw en oticed the surprising formation of the triarylsubstituted silyl cation 1 from the reaction of dihydridosilane 2 with the trityl cation. [10] Cation 1 is formed presumably by the reactiono ft he incipientlyf ormed cation 3 with the solvent benzene and arenium ion 4 is al ikely intermediate (Scheme 1).
This observation clearly reveals the principal difficulties in the synthesis of hydrogen-substituted silylium ions of type 5. [11] [12] [13] Nevertheless,t he secondary silyliumi ons 5 are an interesting class of compounds. On the one hand, being isoelectronic with hydridoboranes, they are perfect reagents for hydrosilylation reactions. On the other hand, in principle, secondary silylium ions can be regarded as protonated silylenes, which opens the field for ac omplementary chemistry based on proton-transfer reactions to sterically hindered Lewis bases (Scheme 2).
Hence, the above-mentioned reactivity was our impetusf or an investigation into the synthesis of secondary silyliumi ons of type 5.A saviablet arget cation, we chose the oligosilanylsilyl cation 6.T he results of density functional calculations [14, 15] predicted as ubstantial stabilization of the cation 6 through ac ombinationo ff avorable a-a nd b-silyl effects. In detail,a ccording to isodesmic reaction (1) , the cyclic cation 6 is more stable than dimethylsilylium, Me 2 Si + ÀH, by DE = 141 kJ mol
À1
(at the M06-2X/6-311 + G(d,p)l evel of theory). Moreover, in the past, the 1,1,4,4-tetrakis(trimethylsilyl)tetrasilane-1,4-diyl unit provedt ob eawell-suited scaffold for the steric protection of reactive main group centers. [16] [17] [18] [19] Although the number of applications of silyl cations in synthesis and catalysis has increased in recent years, [1, 2, 20, 21] experimental investigations of polysilanyl-substituted silyl cations, such as cation 6,a re rather scarce. This is even more surprising as these cationsa re believed to be important intermediates in skeletal rearrangementr eactions of oligosilanes [22] and ad eeper understanding of their nature and reactivity could pave the way to ac ontrolled and directed modification of oligo-and polysilanes. [23] [24] [25] [26] [27] [28] [29] [30] Exploratory investigations by Lambert and Zhang revealed the thermolability of even such small representatives as tris(trimethylsilyl)silylium,( Me 3 Si) 3 Si + .
[ [31] [32] [33] [34] Subsequently,Sekiguchi and co-workersdemonstrated the tendency of dialkyl-oligosilylc ations to undergo 1,2-methyl shifts [35] and our group reported recently on the involvement of polysilanylsilyl or germapolysilanylsilyl cations as intermediates in sila-Wagner-Meerwein rearrangementso fp olysilanes and germapolysilanes. [36, 37] Common to all the studied polysilanyl compounds is their high reactivity,t heir thermolability, unusualf or silyl cations, and their pronounced tendency to undergo skeletal rearrangement reactions.T he only examples of polysilanyl cation salts that are stable at room temperature are the highly stabilized representatives of aromatic [38, 39] and homoaromatic species [40, 41] . Againstt his background, we describe herein our attempts to preparet he secondary silyliumi on 6 and itsu nexpected rearrangement reaction to give the intramolecular hydrogenbridged silyl cation 8 (Scheme 3). As the main driving force for the rearrangement reactionw ei dentified the formation of the SiÀHÀSi linkage in cation 8. [1, 2, 42, 43] In addition, we will demonstrate that the targeted formationo ft his type of intramolecular SiÀHÀSi bridge can be used for the stabilization and verification of cationic intermediates in the skeletal rearrangements of oligosilanylsilyl cations.
Results and Discussion
The reactiono fc yclo-oligosilane 7 with trityl tetrakis(pentafluorophenyl)borate, [ Si = 95.5, À4.6 À14.9, À31.2, and À126.3 ppm) dominated. To prevent side-reactions due to the reactivity demonstrated by other secondary silylium ions (Scheme 1), we changed the solventt oc hlorobenzene. Chlorobenzene is known to coordinate to silyliumi ons through the chlorine atom, which excludes arenium-ion-like reactivity. [1] After changing the solvent to chlorobenzene and lowering the temperature (T = À20 8C), the same reactiong ave as et of NMR spectra that indicated thes electivef ormation of as ingle compound( see Figure 1) Figure 1 ). In the proton-coupled 29 Si INEPT NMR spectrum,t his resonance appears as ad oublet of multipletsw ith ac oupling constant of J(SiH) = 46 Hz. The deshielded 29 Si NMR resonance and the size of the SiÀHc oupling constant(J)a re characteristic of SiÀHÀSi linkages in silicon cations. [43] In addition, the highfield signal at d( 29 Si) = À127.7 ppm indicates the presence of tetrasilyl-substituted silicon atoms. [44] These distinctive 29 Si NMR spectroscopic features clearly rule out the targeted formation of the hydrogen-substituted silyl cation 6.T he additional 29 Si NMR chemical shifts (GIAO/M06 L/6-311G(2d,p)) for am olecular structure optimized by DFT calculations at the M06-2X/6-311 + G(d,p)l evel of theory( see Figure 2 ) andt he experimental data (see Ta ble 1) . [14, 15, 45] In particular,t he calculated 29 À ,i ns everal arenes or halogenated arenesw ere prepared, no single crystals suitablef or X-ray crystal analysis were obtained.
The isomerization reaction of silyliumi on 6 to give the hydrogen-bridged cation 8 was furtheri nvestigatedb ym eans of DFT calculations. [14, 15] Although the secondary silyliumi on 6 was found to be am inimum, the hydrogen-bridged cation 8 was predicted to be significantly more stable (by DE == À67 kJ mol À1 ,F igure 3). The formation of the SiÀHÀSi linkagei s the main thermodynamic driving force for this reaction as its formation from its non-bridged isomer 10 e was calculated to be exothermic by DE ==À77 kJ mol
À1
.I na ddition, we identified ap ossible reaction channel connectingb oth cations ( Figure 3 ). Along this reaction path we located five intermediate silyl cations, 10 a-e,w hich are interconverted by 1,3-methyl shifts ( Figure 3 ). These interconversions proceed via Related1 ,3-methyl migrations are important steps in skeletal rearrangement processes of polysilanyl cations and in inter-and intramolecular substituent exchange reactions in silylium ions. [7, 8, 36, 37] Recently,w ed isclosed as imilar rearrangement of the closely relateds ilyl cation 11. [42] In general,t he potentiale nergy surface along the reaction coordinate is predicted by the calculations to be rather shallow with only small activation barriers for the subsequentm ethyl shifts (Figure 3) . The rate-determining step is the exothermic formationo fc ation 8.T his step involves an overall energy barrier of DE = 33 kJ mol À1 ,w hich is in qualitative agreementw ith the fast formation of cation 8 at temperatures as low as T = À20 8C. Thesee xperiments are interesting in their own right as they clearly demonstrate the high reactivity of secondary silylium ions, which prevents their detection, isolation, and characterization even under carefully controlled reactionc onditions. They also indicate the high mobility of alkyl groups in polysilanyl cations. In addition, am ore generali mplication of this chemistry emerges. There is ac lear preference for polysilanyl cations to form SiÀHÀSi bridges, which stabilize theses ystems significantly,a llow their spectroscopicc haracterization, andi n some cases even their isolation. For example, silyl cation 10 e, ac onformer of cation 8 that does not contain the SiÀHÀSi unit, is markedlyl ess stable than cation 8 by DE = 77 kJ mol
. This facts uggestst hat the lifetime of fleeting intermediates in this type of rearrangement can be extended significantly by using appropriatelyd esigned startingm aterials, which allow the formation of SiÀHÀSi linkages in an auto-scavenge reaction. These intermediates then can be verifieda nd identified spectroscopically.S uch experiments would provide important insights into the actual rearrangement mechanism. This concept has been demonstrated for the rearrangements of cyclohexasilanes 12 to yield silylcyclopentasilanes 13 (Scheme4). [26, [28] [29] [30] This reactioni saprototype for ring-contraction reactions mediated by strong Lewis acids, which are important tools for the skeletal modification of polysilanes.T he reactioni st hought to proceed via cyclohexasilanyl cations 14, which undergo ring contraction to cyclopentasilanylsilyl cations 15,f ollowed by trapping by an ucleophile to give neutral cyclopentasilane derivatives 13.
[ 29] Although we found that the reactionof12 a to 13 a is also catalyzedby1mol %oftrityl tetrakis(pentafluorophenyl)borate (9)i nd ichloromethane or benzene as solvent (Scheme 4), we were unable to detectc ationic intermediates in stoichiometric reactions with trityl borate 9 under ambient conditions at T = À20 8C. Subsequently,w e studied the reaction of hydrogen-substituted cyclohexasilane www.chemeurj.org 16 ,which smoothly generated the cation even at low temperatures. The 29 Si NMR spectra of the reaction of compound 16 with tritylb orate 9 in toluene recorded at T = À40 8Cs uggest the generation of cationic species. The number of 29 Si NMR signals and their NMRc hemical shifts indicate the formation of toluene complexes of rearranged silylcyclopentasilanyl cations as the main products in this reaction. Significant formation of side-or decomposition products prevented, however,areliable structurala ssignment (see the Supporting Information). Finally,t he use of 1,4-dihydridocyclohexasilane 17 as the startingm aterial for cation generation provided deeper insights into the rearrangemento ft he cyclohexasilanes (Scheme5). The ionization of compound 17 was easily accomplished by removal of the first hydridew itht rityl tetrakis(pentafluorophenyl)borate (9)i nc hlorobenzene at low temperatures. Based on the previously suggested mechanism (Scheme 4), the formation of two different cations, the symmetric cyclohexasilanyl cation 18 and the cyclopentasilanylsilyl cation 19,c ould be expected as ar esult of the auto-scavenge reactionbyt he remote SiÀHf unctionality (Scheme 5).
The 29 Si NMR spectra recorded at T = À40 8Cc learly show the predominant formation of one cationic compound. The number and intensity of the 29 Si NMR signals in the inverse- Si HMQC NMR spectrum shows ac orrelation between both low-field resonances with ab road 1 HNMR signal at an unusually high field for SiÀHa nd SiÀHÀSi groups (d( 1 H) = À1.07 ppm). [15] Analysis of the signal multiplicity resulting from long-range SiÀHc ouplings and of the d( Chem.E ur.J.2016, 22,7970 -7977 www.chemeurj.org zene are marginally stablea tt emperatures around T = À40 8C. After several hours and at highert emperatures, significant decomposition occurs.
It is particularly noteworthy that no characteristic 29 Si NMR signals due to the formation of the symmetric cation 18 were detected (see Ta ble 1f or the theoretical prediction). The absence of significant amounts of cation 18 in the reactionm ixture is interesting, because the resultso fc alculations suggest that its formation from the primarily formed cyclohexasilanyl cation 20 is exothermic by DE = À52 kJ mol À1 (Scheme 5). Evidently,t he ring contraction reactiono fc ation 20 to give the five-membered ring cation 21 is faster than the formation of the SiÀHÀSi linkage to form the symmetric cation 18.I nc ontrast, the lifetimeo fc ompound 21 is longer, which allows for the formation of the unsymmetrical SiÀHÀSi-bridged cation 19, which is the most stable isomer in the series of cations 18-21. As ac onsequence, the predominant formation of cation 19 indicatesthat cation 20 is either not an intermediate in this reaction and the ring contraction to form cation 21 occurs simultaneously with ionization or,a tm ost, it is ah igh-lying intermediate with av ery low barrier to rearrangement to give cyclopentasilanylsilyl cation 21.T his example shows that the formation of cationsw ith an intramolecular SiÀHÀSi linkagec an be detected straightforwardly by NMR spectroscopy and that this feature can be appliedi na uto-scavenge reactions to reveal important details of otherwise complexr eaction sequences in cationic rearrangementr eactions of oligo-and polysilanes.
Conclusion
Our attempts to synthesize the hydrogen-substituted polysilanyl silylium ion 6 by hydride transfer reactionf rom the corresponding cyclic dihydrido-oligosilane 7 resulted in the selective and clean formationo ft he rearranged bis-silylated hydronium ion 8.T his result demonstratest he strong tendency of polysilanyl cationst ou ndergo skeletal rearrangement reactions and indicates the superiort hermodynamic stability of polysilanylsilyl cations stabilized by the formation of aS i ÀHÀSi linkage. In addition, our findings suggest that the lifetime of fleeting intermediates in skeletalr earrangement reactions of polysilanylsilyl cations can be extended significantly by using appropriately designed startingm aterials, which allow the targeted formation of SiÀHÀSi bridges in an auto-scavenge reaction. This concept has been successfully demonstrated for one of the key steps in the Lewis acid catalyzed rearrangementr eactions of poly-and oligosilanes, the cyclohexasilane/silylcyclopentasilane ring-contraction reaction. By using the appropriately substitutedd ihydridocyclosilane 17 as the starting material, we identified solely the product 19 of the auto-scavenge reaction of the cyclopentasilanylsilyl cation 21.T his result provides strong evidence for as ynchronousi onization/rearrangement reactionp athway withoutp assing through ac yclohexasilanyl cation intermediate. We are currently investigating the scope of the targeted formation of cationsfeaturingaSiÀHÀSi bridge for mechanistic studies in Lewis acid initiated skeletal rearrangementreactions of poly-and oligosilanes.
Experimental Section General
All manipulations of air-and moisture-sensitive compounds were carried out under an argon or nitrogen atmosphere using Schlenk techniques or in as tandard glovebox (Braun Unilab). NMR spectra were recorded on Bruker Avance 500, Bruker AvanceI II 500, and Varian Inova 300 spectrometers. 4 ], 9)was used as hydride abstraction reagent and prepared according to am odified literature procedure. [48, 49] The silyl cations were obtained as salts of the tetrakis(pentafluorophenyl)borate. The NMR characterization data for the anion are given below and not repeated for each cation preparation reaction. Negligible differences were found for the NMR chemical shifts and coupling constants of the anion depending on the solvent or temperature. [D 5 ]chlorobenzene (0.5 mL). The solution of trityl tetrakis(pentafluoro)phenyl borate (9)w as cooled to T = À20 8Ci n an EtOH/N 2 bath. The silane was added through aT eflon tube and the reaction mixture was stirred at T = À20 8Cf or 1.5 h. The solution was then transferred into an NMR tube and stored at T = À60 8Co vernight. The NMR spectra were recorded at T = À20 8C. 4 ]f rom dihydridocyclopentasilane 7i no-dichlorobenzene:D ihydridocyclopentasilane 7 (50 mg, 1equiv,0 .10 mmol) and trityl tetrakis(pentafluorophenyl)borate (9;9 2mg, 1equiv,0.10 mmol) were evacuated in different Schlenk tubes for 1hand then each dissolved in odichlorobenzene (1 mL). The solution of trityl tetrakis(pentafluoro)-phenyl borate (9)w as cooled to T = À15 8Ci na nE tOH/N 2 bath. The silane was added through aT eflon tube and the reaction mixture stirred at T = À15 8Cf or 2h.T he solution was then transferred into an NMR tube and stored at T = À25 8Co vernight. The NMR spectra were recorded at T = À15 8Cw ith an external [D 6 T rityl tetrakis(pentafluorophenyl)borate (9;9 2mg, 1equiv,0 .10 mmol) was evacuated in an NMR tube and cooled to T = À80 8C. As olution of 1,4-dihydridocyclohexasilane 17 (44 mg, 1equiv,0 .10 mmol) in [D 5 ]chlorobenzene (0.7 mL) was added to the cold trityl borate through as yringe. The addition was performed slowly enough that the solution froze before it reached the trityl borate. The NMR tube was carefully warmed until the solvent melted and the silane 17 slowly reached the trityl borate 9.A tt hat point, the NMR tube, which was wrapped in ag auze bandage soaked in T = À70 8Cc old ethanol, was quickly shaken with av ortex mixer and then quickly transferred to the NMR spectrometer precooled to T = À40 8C. Data for cation 19:
